The rostroventromedial medulla (RVM), together with the periaqueductal gray matter (PAG), constitutes the descendent antinociceptive system. Additionally, these structures mutually regulate defensive behaviors, including tonic immobility (TI) in guinea pigs. The current study was undertaken to evaluate the connections of the RVM with the PAG and the spinal cord in guinea pigs in order to provide an anatomical basis for the role played by RVM in the modulation of TI. To address this goal, five guinea pigs were treated with non-fluorescent biotinylated dextran amine (BDA) neurotracer by injection into the RVM. After four days of survival, the encephalon and spinal cord were removed from each rodent, and BDA labeling was visualized with a standard avidin-biotinylated horseradish peroxidase method through reaction with nickel-intensified peroxidase 3,3 -diaminobenzidine dihydrochloride. The microinjection of BDA into the RVM stained fibers in the ventral horn, dorsal horn and intermediate gray matter of the spinal cord. BDA-labeled fibers, terminal buttons suggesting synaptic contacts, and perikarya were found in the dorsomedial, dorsolateral, lateral and ventrolateral PAG, and neuronal somata were identified in the cuneiform nucleus. Together, the current data demonstrate neuroanatomical evidence that supports the role of the RVM in the modulation of TI defensive behavior.
Introduction
Tonic immobility (TI) may be defined as an innate behavioral response of profound inactivity and a relative lack of responsiveness to the environment that occurs during prey-predator RVM is an important site for the antinociceptive responses regulated by the PAG [28, 30, 31] . This PAG-RVM system is particularly important in modulation of defensive analgesia during exposure to danger [18] . In addition to the clear function of the PAG-RVM system in pain modulation, recent studies have shown the involvement of both structures in the organization of TI [12] [13] [14] [15] 23, 25] . There is evidence that glutamatergic or cholinergic stimulation of the dorsal and lateral columns of the PAG exert an inhibitory effect on the duration of TI behavior, whereas the stimulation of the ventrolateral column increases the duration of TI [12, 24] . With regard to the RVM, the microinjection of a cholinergic agonist into the RVM reduces the duration of TI defensive behavior and produces antinociception [13, 14] . In contrast, the opioidergic stimulation of the RVM increased the TI duration and induces antinociception [15] . Taken together, these data support the role of the PAG-RVM system in modulating the defensive response of TI in guinea pigs. However, although the connections between PAG and RVM have been described in rats, there are no studies demonstrating these connections in guinea pigs.
TI is a behavioral response with a characteristic motor inhibition associated with opioid analgesia, which suggests that both the dorsal and ventral horns of the spinal cord are simultaneously modulated. Although projections from the RVM to the dorsal horn have been previously demonstrated [1, 19] , no previous work has evaluated the projections of the RVM to the ventral horn of the spinal cord. Consequently, the current study was undertaken to evaluate the connections of the RVM with the PAG and spinal cord, respectively, in guinea pigs. Such evidence would provide an anatomical basis for the role of RVM as a critical site of the modulation of defensive responses of TI.
Materials and methods

Animals
Adult male guinea pigs (Cavia porcellus; Rodentia, Caviidae) weighing 400-500 g were obtained from the animal care facility of the School of Medicine of Ribeirão Preto of the University of São Paulo (FMRP-USP). The animals (n = 5) were housed in plexiglass cages (56 cm × 37 cm × 39 cm, five animals per cage) at 24 ± 1 • C on a 12 h light cycle with free access to water and food. The experimental procedures were carried out in compliance with the recommendations of the Brazilian Association for Laboratory Animal Science (COBEA) and approved (Proc. no. 031/2004) by the Ethical Committee for Animal Experimentation of the FMRP-USP. All efforts were made to minimize animal suffering.
Surgical procedures
The animals were first anesthetized with intramuscular injections of 40 mg/kg ketamine combined with 5 mg/kg xylazine and then placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) with the mouthpiece 21.4 mm ventral to the interauricular line. A guide cannula (18 mm long, with a 0.6 mm outer diameter) was implanted 2.0 mm dorsal to the RVM using the following coordinates of the Rössner atlas [29] for guinea pigs: 16.5 mm caudal to bregma, 0.0 mm lateral to the midline and −0.3 mm below the intraaural line. The guide cannula was fixed to the skull with autopolymerizing resin and anchored with an additional screw.
Neuroanatomical procedures
For the labeling study, five guinea pigs were implanted with the guide cannulae placed 2 mm dorsal to the RVM according to the coordinates of the atlas of Rössner [29] . Three days after surgery, the animals received a microinjection of 0.2 l of non-fluorescent biotinylated dextran amines (BDA: 3000 MW, Molecular Probes, USA). The microinjection was performed with a Hamilton microsyringe (10 l), which was connected to PE-10 polyethylene tubing attached to a Mizzy needle segment (0.3 mm outer diameter; 2.0 mm longer than the guide cannula). The BDA was microinjected over a period of 60 s, and the needle was left in place for an additional 120 s to avoid reflux. Four days after the microinjection, the animals were deeply anesthetized with sodium pentobarbital and perfused intracardially with saline followed by 4% paraformaldehyde (PFA, Sigma) dissolved in 0.1 M phosphate buffer (pH 7.4). The brain and spinal cord were removed and postfixed in PFA for 4 h, and then transferred to 30% sucrose for two days. The mesencephalon, the medulla oblongata and the spinal cord cervical intumescence region were immersed in 2-methylbutane (Sigma), frozen on dry ice, embedded in Tissue Tek O.C.T., and sectioned (40 m thickness) with a cryostat (CM 1950, Leica) at −25 • C. BDA labeling was visualized with a standard avidin-biotinylated horseradish peroxidase method with a nickel-intensified peroxidase 3,3 -diaminobenzidine dihydrochloride reaction. After incubation, the sections were thoroughly washed in 0.1 M phosphate buffer (pH 7.4), mounted on gelatin-coated glass slides, counterstained using the Nissl cresyl violet method in a robotized autostainer (CV 5030 Leica Autostainer XL), and viewed in a photomicroscope (AxioImager Z1, Zeiss).
Drugs
The neurotracer used in this study was a biotinylated dextran amine diluted in phosphate buffer. The volume used was based on a previous study [13] .
Results
In the current study, microinjections sites in the RVM were typically located into the nucleus raphe magnus. The labeling pattern was similar in all five animals. The microinjection of BDA into the RVM (Fig. 1A) showed a labeled descendent tract in the dorsolateral aspects of the lateral funiculus of the spinal cord (Fig. 1B, spinal  cord ). There were profuse BDA-labeled fibers, terminal buttons and perikarya in the ventral horn (Fig. 1A-D) , dorsal horn ( Fig. 1E and F) and intermediate ( Fig. 2) gray matter of the spinal cord after BDA was deposited into the RVM. Specifically, BDA-labeled neuronal fibers were identified in the ventral horn of the spinal cord ( Fig. 1C and D) , whereas both BDA-labeled neuronal fibers and cell bodies were found in the dorsal horn of the spinal cord ( Fig. 1E  and F) . The BDA microinjection into the RVM labeled both fibers and neuronal perikarya in the spinal cord intermediate gray matter (Fig. 2A-D) .
Microinjection of BDA into the RVM revealed labeled fibers, terminal buttons and cell bodies in the dorsomedial, dorsolateral, lateral and ventrolateral (Fig. 3A , on the right) columns of the PAG gray matter, as well as in the CnF (Fig. 3B and C) . These results indicate the presence of dense reciprocal connections between the RVM and the PAG, and they further demonstrate that the CnF send inputs to the RVM. Additionally, deposits of BDA into the RVM revealed a profuse neural network was found into the deep mesencephalon, with positive perikarya mainly located in the vicinity of the CnF, sending neuronal connections back to the RVM (Fig. 4) .
Discussion
The anatomical connections identified in the present study support a possible role for the RVM in the modulation of defensive species [13,15,18,26,32] . Furthermore, inputs from the RVM to the intermediate gray column of the spinal horn can recruit interneurons that modulate the activity of both alpha and gamma motor neurons, as well as the preganglionic neurons situated in the lateral horn of the spinal cord. These preganglionic neurons may indirectly influence the somatic and autonomic neural systems during the elaboration of distinct defensive behaviors. Specifically, during TI the activation of RVM can induce motor inhibition, followed by antinociception.
In addition to the RVM connections with the spinal cord, inputs from the RVM to the mesencephalon also support the role of the RVM in the modulation of TI, through the recruitment of PAG neurons involved in the organization of innate fear-induced responses. A microinjection of BDA into the RVM demonstrated reciprocal connections between the RVM and dorsomedial, dorsolateral and ventrolateral columns of the PAG. Extensive evidence supports the PAG as an important structure for the organization of defensive behaviors, fear-induced antinociception, and modulation of TI [9] [10] [11] [23] [24] [25] . In fact, different columns of the PAG modulate distinct defensive behavioral responses [5, 7, 10, 33, 34] . Specifically, the dorsal and dorsolateral columns are involved with active defensive responses, such as the fight or flight response, whereas the ventrolateral column modulate immobility responses [6, 7, 33, 34] . In addition studies show that lesions of the ventrolateral PAG disrupt the freezing induced by conditioned fear [16, 20] . Considering the neurochemical bases of TI-related responses, the cholinergic or glutamatergic stimulation of the dorsomedial and dorsolateral PAG results in a reduced duration of TI, whereas ventrolateral cholinergic, opioidergic or glutamatergic stimulation increases TI behavior duration in guinea pigs [12, 24, 25] . Likewise, the RVM can either stimulate or inhibit the TI behavior in this species. Accordingly, the cholinergic stimulation of the RVM reduces duration of TI behavior, whereas the microinjection of opioid agonists increases the duration of TI [13] [14] [15] . We therefore believe that the dorsal/dorsolateral PAG projections to the RVM either mediate the interruption of TI behavior or initiate defensive active responses such as flight or fight, which suppress TI behavior. Corroborating our hypothesis the lesion of dorsolateral PAG enhanced the cat elicited freezing in rats [16] and activation of lateral and dorsal regions of the PAG by microinjection of kainic acid produced wild running [27] . On the other hand, activation of the ventrolateral PAG/RVM pathway stimulates defensive behavior of TI in guinea pigs. Previous study in rats has demonstrated that stimulation of ventrolateral PAG produced immobility [27] . Additionally fear conditioned freezing was associated with an increase in Fos expression in ventrolateral PAG [8] .
Additional data from our study demonstrated that BDA-labeled neuronal somata are densely distributed in the CnF following a BDA injection into the RVM. Studies emphasize the role played by the CnF in the modulation of active defensive behaviors. For example, the CnF exhibits a notable increase in Fos expression that is related to escape behavior induced by a bicuculline injection into the inferior colliculus of rats [4] . In addition, rats exposed to cat odor showed greater Fos expression in the CnF than control rats [17] . Interestingly, additional evidence has indicated that the activation of RVM neurons by CnF stimulation can be partially or completely blocked by local iontophoretic deposits of cholinergic antagonists [3] . The neuroanatomical data in the present study support the putative involvement of the CnF, together with the dorsal/dorsolateral PAG, in the elaboration of active defense responses, which concurrently inhibit the TI behavior. Otherwise, the dorsal/dorsolateral PAG may reduce TI duration indirectly through excitatory connections with the CnF.
The current findings provide anatomical evidence for connections between the RVM and rostral and caudal structures potentially involved in the modulation of TI. Consequently, the dorsal/dorsolateral PAG/RVM/spinal cord pathways can regulate active defensive behaviors, whereas the ventrolateral PAG/RVM/spinal cord pathways are potentially related to passive defensive behaviors, such as TI.
